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HAMP domains connect extracellular sensory
with intracellular signaling domains in over
7500 proteins, including histidine kinases, ad-
enylyl cyclases, chemotaxis receptors, and
phosphatases. The solution structure of an ar-
chaeal HAMP domain shows a homodimeric,
four-helical, parallel coiled coil with unusual in-
terhelical packing, related to the canonical
packing by rotation of the helices. This sug-
gests a model for the mechanism of signal
transduction, in which HAMP alternates be-
tween the observed conformation and a canon-
ical coiled coil. We explored this mechanism
in vitro and in vivo using HAMP domain fusions
with a mycobacterial adenylyl cyclase and an
E. coli chemotaxis receptor. Structural and
functional studies show that the equilibrium be-
tween the two forms is dependent on the side-
chain size of residue 291, which is alanine in
the wild-type protein.
INTRODUCTION
Prokaryotes sense environmental stimuli through modu-
lar, dimeric transmembrane receptors, whose extra- and
intracellular parts are often connected by a HAMP do-
main, located invariably at the C-terminal end of the last
transmembrane segment. HAMP domains were originally
discovered by Inouye and coworkers (Jin and Inouye,
1994) as ‘‘linker regions’’ in histidine kinases and chemo-
taxis receptors, and subsequently named HAMP by Ara-
vind and Ponting (1999) for their occurrence in histidine ki-
nases, adenylyl cyclases, methyl-accepting chemotaxis
proteins, and phosphatases. Currently, over one-fifth of
histidine kinases and two-thirds of chemotaxis receptors
annotated in the SMART database contain HAMP do-
mains. Proteins containing HAMP domains are also foundCin fungi, plants, and protists, presumably due to lateral
gene transfer from the endosymbiotic ancestors of mito-
chondria and chloroplasts (Koretke et al., 2000).
The sequences of HAMP domains show a repeating
seven-residue pattern, whose positions are labeled a–g
and in which hydrophobic residues occupy positions
a and d (Figure 1). This pattern corresponds to the heptad
periodicity postulated by Crick as the hallmark of coiled-
coil structure (Crick, 1953). Computational methods
have also pointed to an elevated coiled coil-forming po-
tential in the corresponding region of histidine kinases
(Singh et al., 1998). It has therefore been generally ac-
cepted that the HAMP domain consists of two amphi-
pathic helices with coiled-coil properties, in agreement
with the results of cysteine scans (Butler and Falke,
1998). Sequence conservation of the domain is not strong
and includes no invariant residues. HAMP domains can be
exchanged between receptors, e.g., between the histidine
kinase EnvZ and the chemotaxis receptor Tar (Utsumi
et al., 1989; Zhu and Inouye, 2003), or between the two
histidine kinases CpxA and NarX (Appleman et al.,
2003), yielding hybrids that are functional but have altered
activity (Utsumi et al., 1989; Appleman et al., 2003; Zhu
and Inouye, 2003). These phenotypes have been ex-
plained by the following two modes of action of the
HAMP domains: mechanical, in relaying conformational
changes between two domains (cis signaling); and inter-
active, by specific binding to effector domains (trans sig-
naling). The interchangeable nature of HAMP domains
suggests that both modes of action stem from a common
mechanism.
HAMP is the last widely occurring domain of prokaryotic
transmembrane receptors for which no structure is known
(the structures of the cytoplasmic domains from myco-
bacterial adenylyl cyclases, various histidine kinases,
and the serine chemoreceptor either naturally lacked the
HAMP domain or were constructed to omit it). Its structure
is of particular interest for understanding signal propaga-
tion across the membrane because it is continuous with
the last membrane-spanning helix of a wide range of
sensory modules. The planarity of the membrane limits
motion that transmembrane helices can undergo duringell 126, 929–940, September 8, 2006 ª2006 Elsevier Inc. 929
Figure 1. Sequence Properties of HAMP Domains
The sequences shown are a representative subset from a multiple alignment of 250 HAMP sequences (see Experimental Procedures) and illustrate
the conservation pattern of HAMP domains. Residues present in at least two-thirds of the sequences are colored red, and positions in which at least
two-thirds of the residues are hydrophobic are shaded yellow. Residues involved in contacts between the helices and the connector are marked with
asterisks (*). Positions forming the x and da core layers of the observed structure and positions forming the a and d core layers of the proposed al-
ternate structure are labeled correspondingly. The graphs of average hydrophobicity (arbitrary units) and side-chain size (A˚3) reflect the properties of
the entire alignment, not just of the sequences shown. The position corresponding to A291 in Af1503 HAMP, which is consistently much smaller and
less hydrophobic than other core positions, is circled in red. The sequences are the following: Af1503, Archaeoglobus fulgidus gij7483645;
MtRV3645, Mycobacterium tuberculosis gij81668722; EcTar, Escherichia coli gij2506837; RrChvG, Rhodospirillum rubrum gij48763978; IlCpxA,
Idiomarina loihiensis gij56180543; Vp0117, Vibrio parahaemolyticus gij28805099; Vf2138, Vibrio fischeri gij59480846; SpCyaG, Spirulina platensis
gij11990887; Mmp0413, Methanococcus maripaludis gij44920733; AcNtrY, Azorhizobium caulinodans gij585587; alr0642, Nostoc PCC7120
gij25535039; MmOrf, Magnetospirillum magnetotacticum gij46203505; Vpa0491, Photobacterium profundum gij46917034; Sav4768, Streptomyces
avermitilis gij29831311; Bl0031, Bifidobacterium longum gij23325219; and Lmo1061, Listeria monocytogenes gij25515443. Sequences are labeled
according to their effector domains as follows: histidine kinase (hk), methylated chemotaxis receptor (mcp), diguanylate cyclase (Gcyc), and adenylyl
cyclase (Acyc).signal transduction to the following four types: translation
in the plane of the membrane (association/dissociation),
translation perpendicular to the membrane (piston mo-
tion), rotation along an axis parallel to the membrane (pivot
motion), and rotation along an axis perpendicular to the
membrane. We have determined the solution structure
of an archaeal HAMP domain by nuclear magnetic reso-
nance (NMR) spectroscopy and present a model for its
mechanism of signal transduction. Our results are only930 Cell 126, 929–940, September 8, 2006 ª2006 Elsevier Inc.compatible with a propagation of the signal by rotation
along an axis perpendicular to the membrane.
RESULTS AND DISCUSSION
The Af1503 Protein
The gene region between base pairs 1356672 and 1359698
of the Archaeoglobus fulgidus genome contains four genes
on the minus strand, af1505–1502, which appear to be
organized as an operon (see Supplemental Data). The first
gene, af1505, encodes a member of the solute carrier family
41,classified asthe Mg2+-transporter-E family (9.A.19) in the
Transport Classification Database (TCDB, www.tcdb.org).
The other three genes are translationally coupled and may
constitute a regulatory system for the permease. One of
these genes encodes a putative transmembrane receptor,
Af1503, which is unusual in containing a HAMP domain as
its sole cytoplasmic part. The lack of potential structural
constraints from further cytoplasmic domains and its origin
from a hyperthermophile suggested that this HAMP domain
might form a stable protein suited for structure determina-
tion. We expressed the domain corresponding to residues
S278–E331 in Escherichia coli and obtained a soluble
dimer of 13 kDa, as expected from the dimeric nature of pro-
karyotic transmembrane receptors. Circular dichroism
measurements and thermal denaturation studies (Tm of
59C) indicated a stable, well-folded protein (see Supple-
mental Data). This construct proved amenable for structure
determination by NMR.
NMR Spectroscopy
Spectra of Af1503 HAMP showed a single set of signals,
indicating a symmetric structure. Full backbone and ali-
phatic side-chain resonance assignments were available,
except for the amide protons of S278, T279, and A309,
which were lacking presumably due to rapid exchange
with solvent. Assignments were also obtained for the aro-
matic resonances of H305 and for the HN3 resonances of
R308 and R323. The structural data consisted of distance
restraints derived from several 2D and 3D NOESY spectra,
J-coupling constants, and chemical shift-derived back-
bone torsion angle restraints. To distinguish inter- from in-
tramolecular contacts, an asymmetrically 13C/15N-labeled
dimer was used (see Experimental Procedures). The initial
model incorporating these data was the starting point for
iterative assignments of further NOE connectivities result-
ing in the final set of experimental restraints (Table 1). The
structure was well defined, with an rmsd for the final set of
22 dimeric structures (residues T282–Y325) of 0.14 A˚ for
backbone atoms and 0.56 A˚ for all heavy atoms (Figure 2).
The final structure set also has very low restraint viola-
tions, with no violation of distance restraints greater than
0.1 A˚ (Table 1).
Structure Description
The dimer forms a parallel, four-helical coiled coil. The two
helices of each monomer (a1 and a2) are of equal length,
offset by one helical turn and connected in a righthanded
way by a loop of 13 residues (G297–A309) (Figures 2 and
3). But for its opposite handedness, this topology resem-
bles the helix-loop-helix domain of basic-region transcrip-
tion factors, on which HAMP has been previously modeled
(Koretke et al., 2003). The 13 residues of the connector as-
sume a largely extended conformation to span the 26 A˚
distance between the ends of the helices, from which
L299, P304, and Q306 deviate to cause a series of b turns.
The connector is tightly packed into the groove betweenCthe two helices, reflecting conserved features of HAMP
sequences (Figure 1): small side-chain sizes for residues
pointing into the interface and hydrophobic contacts
between L299–L326 and V303–I319/E320. The sharp re-
verse turn required at the N-terminal end of the connector
is made possible by a conserved glycine residue (G297).
At its C-terminal end, the connector leads into a conserved
D310-E-x-G313 motif, which serves as a capping sequence
for a2 and forms a ring of interacting residues with P283,
I284, and I312 as the most conserved region in all HAMP
domains. In addition, residues in the connector participate
in several salt-bridge and hydrogen bond interactions,
which are not conserved (e.g., Q306–V303, R308–D310,
and H305–E286) and presumably contribute to the ther-
mostability of the Af1503 domain. The connector shows
somewhat higher flexibility than the helical core, as evi-
denced by elevated transverse relaxation times. However,
the 15N{1H}-heteronuclear NOE values are only slightly
lower than those for the helices, and therefore the ampli-
tude of motions on fast (picosecond) timescales must be
low (see Supplemental Data).
The helices of the HAMP domain have crossing angles
of 3–13 within a monomer and 10–15 relative to the
central axis of the bundle; these values are typical for
four-helical coiled coils. However, the packing of core res-
idues has an unusual geometry. From the strong heptad
periodicity of hydrophobic residues (Figure 1), we ex-
pected knobs-into-holes packing, long considered the
defining feature of coiled coils (Crick, 1953; Gruber and
Lupas, 2003). This geometry specifies the packing of a res-
idue from one helix (knob) into a space surrounded by four
side chains of the facing helix (hole). Thus, symmetry-re-
lated hydrophobic residues are arranged side-by-side to
form layers throughout the core of coiled coils (Figure 4,
right). In the HAMP domain, however, symmetry-related
residues of the hydrophobic core assume knobs-to-knobs
packing. This packing is normally associated with coiled
coils whose sequence deviates from the heptad repeat.
Knobs-to-knobs packing has two distinct geometries,
the x-layer, in which side chains point straight at the cen-
tral supercoil axis, and the da-layer, in which side chains
point sideways to form an interacting ring of residues en-
closing a central cavity (for a detailed description of
coiled-coil nomenclature, see Experimental Procedures).
In the HAMP domain x- and da-layers alternate along the
helices, and tight packing is achieved by offsetting the
helices and combining the x-layers of a1 with the da-layers
of a2 and vice versa, thus forming mixed x-da layers
(layer 1: x I284 - da E311/I312; layer 2: da L287/S288 - x
L315; layer 3: x A291– da S318/I319; layer 4: da I294/
A295 - x L322; Figures 3 and 4). We designate this packing
mode as ‘‘complementary x-da.’’ A similar packing mode
has only been observed naturally in the tetramerization
domain of the Lac repressor (1LBI, residues 335–357
[Solan et al., 2002]), where it however specifies an antipar-
allel orientation of the helices (Alberti et al., 1993), which
is energetically more favorable when the helices are
identical.ell 126, 929–940, September 8, 2006 ª2006 Elsevier Inc. 931
Table 1. Structural Statistics and Atomic Rmsd
A. Structural Statistics
Rmsd from Distance Restraints (A˚)b SA <SA>r
a
All (538) 0.017 ± 0.0004 0.017
Intraresidue (92) 0.008 ± 0.0005 0.008
Interresidue sequential (140) 0.016 ± 0.0010 0.016
Medium range (177) 0.024 ± 0.0004 0.023
Long range (69) 0.012 ± 0.0007 0.012
Intermolecular (60) 0.009 ± 0.0015 0.011
Rmsd from dihedral restraints (148) 0.313 ± 0.018 0.253
Rmsd from J-coupling restraints (Hz) (45) 0.568 ± 0.010 0.579
H-bond restraints (A˚/deg)c (29) 2.09 ± 0.14/14.2 ± 5.2 2.08 ± 0.13/13.5 ± 4.2
Deviations from Ideal Covalent Geometry
Bonds (A˚ 3 103) 1.47 ± 0.018 1.33
Angles () 0.516 ± 0.002 0.508
Impropers () 1.042 ± 0.023 1.039
Structure quality indicatorsd
Ramachandran Map regions (%) 94.0 / 6.0 / 0.0 / 0.0 94.0 / 6.0 / 0.0 / 0.0
B. Atomic Rmsd (A˚)e
SA versus <SA> SA versus <SA>r
Backbone All Backbone All
All residues 0.48 ± 0.101 0.75 ± 0.068 0.63 ± 0.183 1.00 ± 0.121
Ordered Residuesf (dimer) 0.14 ± 0.039 0.56 ± 0.053 0.24 ± 0.058 0.77 ± 0.112
Ordered Residues (monomer) 0.11 ± 0.023 0.55 ± 0.050 0.16 ± 0.031 0.75 ± 0.111
<SA> versus <SA>r
g 0.19 0.55
a Structures are labeled as follows: SA, the set of 22 final simulated annealing structures; <SA>, the mean structure calculated by
averaging the coordinates of SA structures after fitting over secondary structure elements; <SA>r, the structure obtained by reg-
ularising the mean structure under experimental restraints.
b Numbers in brackets indicate the number of restraints of each type per monomer.
c H bonds were restrained by treating them as pseudocovalent bonds (see Experimental Procedures section). Deviations are ex-
pressed as the average distance/average deviation from linearity for restrained H bonds.
d Determined using the program PROCHECK (Laskowski et al., 1993). Percentages are for residues in allowed/additionally allowed/
generously allowed/disallowed regions of the Ramachandran map.
e Based on heavy atoms superimpositions.
f Defined as residues S278–V328.
g RMS difference for superimposition over ordered residues.A Model for the Mechanism of Signal Transduction
The knobs-into-holes and complementary x-da packing
geometries are nearly isoenergetic, as judged from the
small number of mutations necessary to convert one into
the other. Their primary difference lies in the number of
residues needed to form the hydrophobic core; comple-
mentary x-da packing uses three positions per heptad re-
peat, whereas canonical coiled coils use two. In the Lac
repressor, the core is formed by positions a, d, and e,
and mutation of residues in position e to hydrophilic resi-
dues is sufficient to convert the structure to a canonical
coiled coil (Alberti et al., 1993). This transition in core pack-
ing has also been engineered into the GCN4 leucine zip-932 Cell 126, 929–940, September 8, 2006 ª2006 Elsevier Inc.per, converting the structure from knobs-into-holes pack-
ing to complementary x-da by either mutating residues in
position g to hydrophobic residues, thus creating an a-d-g
core (Deng et al., 2006), or by mutating a single glutamate
in position e to cysteine, thus creating an a-d-e core (Ya-
dav et al., 2006). Indeed, mutating this glutamate to serine
has made it possible to obtain the structure of both pack-
ing forms for the same sequence, by using different crys-
tallization conditions (Yadav et al., 2006).
In all these cases, the change from knobs-into-holes
to complementary x-da packing was accompanied by
a change from a parallel to an antiparallel helix orientation
in the coiled coil. In the case of HAMP, though, the
Figure 2. A Stereo View of the HAMP
Domain Dimer
The final ensemble of 22 calculated structures
is shown superimposed over backbone atoms
of ordered residues (S278–V328) of both
monomers. The RMSD of this superimposition
to the average structure is 0.17 A˚ (see Table 1).complementary x-da structure is already in a parallel ori-
entation and the transition to canonical packing could
thus be achieved without a change in helix orientation,
by a concerted rotation of 26 in all four helices (Figure 4).
Since both packing modes involve the interdigitation of
side chains, which gives HAMP the character of a gear
box with four cogwheels, neighboring helices must rotate
in the opposite direction (Figure 4). Given that knobs-into-
holes packing is symmetric, it follows that the comple-
mentary x-da packing of HAMP must be asymmetric.
That is exactly what we observed: whereas a1 contributes
positions a, d, and e to the core, a2 contributes a, d, and g.
In contrast, the cores of the Lac repressor and the engi-
neered GCN4 mutants are formed by the same three po-
sitions in all four helices. Based on these observations,
we propose that HAMP transduces signals by alternating
between the observed structure and a canonical coiled
coil, and that its conformational output is a rotation of
downstream elements by 26.
Such a conformational change requires that the two
structures be of nearly equivalent stability and that their in-
terconversion energy be low. In order to achieve this bal-
ance, the HAMP domain appears to contain two sets of
features, each favoring one packing mode at the expense
of the other. As noted above, only two positions of the
heptad repeat are hydrophobic, a property known to favor
knobs-into-holes interactions and not favor complemen-
tary x-da packing. In searching for a feature with the oppo-
site effect, we noted A291, which is much smaller than all
other core residues of Af1503 HAMP. As seen from the av-
erage side-chain size plot in Figure 1, this size discrep-ancy is conserved in HAMP domains. Small residues are
known to favor knobs-to-knobs packing (Gernert et al.,
1995; Lupas and Gruber, 2005), and, indeed, increasing
the side-chain size of this residue to valine causes a biased
phenotype in two histidine kinases, EnvZ (Tokishita et al.,
1992) and NarX (Appleman and Stewart, 2003), both of
which naturally contain alanine at this position.
Structural Studies of the A291V HAMP Mutant
Because of its phenotype in EnvZ and NarX, we intro-
duced the A291V mutation into Af1503 HAMP. The muta-
tion had a profound effect on the stability of the protein, in-
creasing its midpoint of thermal denaturation by 18C (see
Supplemental Data). This suggested to us that wild-type
and mutant indeed had different conformations. Thus we
undertook a full structural study of this mutant.
The 15N-HSQC spectrum of Af1503 HAMP A291V
yielded a single set of signals, with considerable differ-
ences relative to wild-type (see Supplemental Data). The
diffusion time of the mutant was identical to that of the
wild-type domain, pointing to a dimeric, compactly folded
structure. Full resonance assignment was completed, and
local NOE contacts showed that the mutant retained a par-
allel helical structure, with the helices preserving their
length and the connector adopting a similar conformation
(see Supplemental Data). However, the inter- and intramo-
lecular helical contacts could not be resolved to a single
structure. Thus the domain appeared to undergo consid-
erable internal motions on a submillisecond timescale.
This was confirmed by dynamics studies that showed
a temperature- and field-dependent line broadening inCell 126, 929–940, September 8, 2006 ª2006 Elsevier Inc. 933
Figure 3. Structure of the Af1503 HAMP
Domain
(A) Schematic side and top views of the dimer.
The helices are shown as green (a1) and yellow
(a2) cylinders with monomers distinguished by
bold and faint colors. The middle and right
views represent the left view rotated by 90
around the vertical and horizontal axes, re-
spectively.
(B) Detailed representations of the views
shown in (A). Side chains of residues involved
in packing interactions within the core of the
domain are shown in red (residues in x-layer
geometry) and blue (da-layer geometry).
(C) The packing of residues in the HAMP do-
main. Side views of the monomer, the N-termi-
nal helices, and C-terminal helices are shown.
The residues involved in each layer are labeled;
coloring is as in (A).the mutant but not in the wild-type. This broadening was
reflected in shorter transverse relaxation times (T2) for
most residues of the mutant (see Supplemental Data). A
partial aggregation of the mutant leading to higher effec-
tive molecular weight was excluded by the identical
diffusion rates of both mutant and wild-type domains at
lower temperatures. From these data we conclude that,
whereas the wild-type is primarily present in one form at
room temperature, the A291V mutant oscillates rapidly
between two forms.
Although we cannot resolve the spectra of the A291V
mutant to a single structure, we can derive a number of im-
portant constraints for the alternate form. Thus, the four-
helical bundle remains intact, and the helices maintain
the same register. This is not compatible with two wide-
spread models for HAMP activity, one proposing a piston
motion of the helices perpendicular to the plane of the
membrane, which requires changes in the helical register
(Kim et al., 1999; Ottemann et al., 1999; Miller and Falke,
2004), and the other proposing a disassembly of the heli-934 Cell 126, 929–940, September 8, 2006 ª2006 Elsevier Inc.cal bundle and a peripheral association of the N-terminal
helix with the membrane (Williams and Stewart, 1999).
Also, the similar hydrogen exchange rates for wild-type
and mutant are not compatible with signal transduction
by partial unfolding of the helices or formation of a molten
globule (Bordignon et al., 2005). However, the NOEs we
obtained for the A291V mutant are compatible with an
in-register rotation of the helices (see Supplemental Data).
Fusion Constructs of Af1503 HAMP
In order to explore the structural transition of Af1503
HAMP in vitro and in vivo, we generated fusions to the
mycobacterial adenylyl cyclase Rv3645 and to the
E. coli aspartate chemoreceptor, Tar (see Experimental
Procedures).
The catalytic domain of the mycobacterial adenylyl cy-
clase Rv3645 is linked via a HAMP domain to a hexahelical
membrane anchor and requires dimerization for activity
(Linder et al., 2004). We coupled the Af1503 HAMP do-
main (residues 278–331) to the catalytic domain of
Rv3645 (residues 331–549) and obtained a chimera with
a 2.2-fold higher Vmax of the cyclase than that of a con-
struct containing the endogenous HAMP domain (resi-
dues 279–549, Figures 5A and 5B). The ATP concentration
required for half-maximal activity (SC50) was reduced 12-
fold in the chimera (from 2.7 mM to 230 mM ATP) indicating
an increased substrate affinity. In contrast, a mutant chi-
mera carrying the A291V mutation was 62% less active
than the unmutated chimera (Figure 5B). This was due to
a significant decrease in Vmax and an increase in SC50 to
750 mM ATP. These results bear out the expectation that
Figure 4. Interactions in the Hydrophobic Core of the HAMP
Domain
The helices are viewed from the membrane; their N termini thus point
toward the viewer.
(A) Schematic representation of complementary x-da packing (left) ver-
sus knobs-into-holes packing (right). The two packing modes can be
interconverted by rotating adjacent helices by 26 in opposite direc-
tions, as illustrated by the cogwheel diagram.
(B) Cross sections through the four core layers of the HAMP domain
and their modeled counterparts in the rotated state. The core residues
are labeled. The coloring scheme is as in Figure 3.CAf1503 HAMP and Af1503 HAMP A291V would affect ad-
enylyl cyclase activity in opposite directions. We note that
rotation has recently been described as a general mecha-
nism in the activation and inactivation of adenylyl cyclase
catalytic dimers (Sinha et al., 2005; Tews et al., 2005).
We tested the effects of Af1503 HAMP and of the A291V
mutant in vivo using bacterial chemotaxis. During unsti-
mulated motion, bacteria alternate swimming episodes
of a few seconds with brief tumbling episodes, in which
they acquire a random new direction. As a result, they ex-
ecute a random walk (Berg, 1993). In a gradient of attrac-
tants (e.g., aspartate, serine, ribose) or repellents (e.g., in-
dole, benzoate), they switch to a biased walk by reducing
the frequency of tumbles while moving in a favorable di-
rection. Tumbling is triggered by a phosphorylation cas-
cade originating from the membrane bound chemorecep-
tors, whose modular structure includes a HAMP domain.
We replaced the HAMP domain of the E. coli aspartate re-
ceptor, Tar (residues 214–266), with the Af1503 HAMP do-
main. Cells expressing this chimeric receptor lost their
ability to execute a biased walk on swarm plates and
showed a high frequency of tumbling (Figures 5A and
5C), which could be suppressed by the addition of high
concentrations of attractant. The chimera carrying the
A291V mutation was also unable to swarm, due however
to a low frequency of tumbles (Figure 5C), which could
likewise be reversed by the addition of high concentra-
tions of a repellent (Ni2+). Thus, as already observed with
the adenylyl cyclase chimeras, Af1503 HAMP activated
Tar-mediated signaling and the A291V mutant inhibited
it. Both chimeras remained responsive to stimuli, but their
threshold for conformational change seemed to be out-
side the range required for effective chemotaxis. As ex-
pected from NMR spectroscopy, the threshold was too
high for Af1503 HAMP and too low for the A291V mutant.
Rotation has been previously shown to affect the ability
of the cytoplasmic Tar domain to stimulate CheA phos-
phorylation and induce tumbles (Cochran and Kim,
1996). When fused to the GCN4 leucine zipper, an inser-
tion of four residues between zipper and the Tar cytoplas-
mic domain, which causes a torque in the same direction
as that exerted in our model by wild-type Af1503 HAMP,
activates the phosphorylation cascade, while an insertion
of three residues, which causes a torque in the opposite
direction, inactivates it. Hybrids between the yeast histi-
dine kinase SLN1p and the leucine zipper of C/EBP
showed similar effects for residue insertions into the
coiled-coil region connecting the HAMP and histidine ki-
nase domains (Tao et al., 2002).
The clear phenotype of the A291V mutation prompted
us to explore more systematically the effect of side-chain
size on activity at this position. In a recent study, Ghadiri
and coworkers introduced cavities into the hydrophobic
core of the parallel, four-stranded coiled-coil GCN4-pLI
by mutating leucines and isoleucines to smaller residues
(Yadav et al., 2005). The mutant forms maintained
knobs-into-holes packing but were progressively less sta-
ble with the size of the introduced cavity. Since in ourell 126, 929–940, September 8, 2006 ª2006 Elsevier Inc. 935
Figure 5. Effects of Wild-Type and Mu-
tant Forms of Af1503 HAMP In Vitro and
In Vivo
Two chimeric receptors were created: Af-
HAMP-CHD, where Af1503 was fused C termi-
nally to the CHD domain (cyclase homology
domain) of the mycobacterial adenylyl cyclase,
Rv3645, and Tar-AfHAMP, where Af1503
HAMP was substituted for the HAMP domain
of the E.coli aspartate receptor, Tar.
(A) Sequence alignment indicating the fusion
borders for the chimeras AfHAMP-CHD and
Tar-AfHAMP with respect to the native se-
quences of Af1503, Rv3645, and Tar. The
HAMP domains are boxed, and the position
of the mutated alanine is indicated by an as-
terisk (*).
(B) Activity of the AfHAMP-CHD chimera. The
upper panel shows specific adenylyl cyclase
activity of AfHAMP-CHD and its A291G,
A291C, A291V, A291I, and A291L mutants
compared to the wild-type catalytic domain
(Rv3645HAMP-CHD). Error bars represent
SEM (n R 4). The differences in activities be-
tween AfHAMP-CHD and the mutants are sta-
tistically significant (2p << 0.01). The lower
panel shows specific activity of the AfHAMP-
CHD chimeras plotted against the side-chain
volume of the residue in position of the mutated
alanine. The line shows a linear fit of all data
points except that of A291C.
(C) Function of Tar and Tar-AfHAMP receptors
expressed in E. coli CP362 cells, which lack all
four chemotaxis receptors. The upper and lower panels show the radial swarm velocity determined by swimming-plate assays and the tumbling fre-
quency of the cells, respectively, for Tar-AfHAMP and its A291C and A291V mutants versus CP362 cells with and without wild-type Tar receptors.
Error bars represent SEM (n = 6, top panel; nR 20, bottom panel).model the HAMP domain naturally forms an internal cavity
at the conserved A291 position in its knobs-into-holes
packing form, we predicted a correlation between the sta-
bility of the off state and the side-chain size at this posi-
tion. As expected, the activity of the AfHAMP-CHD ad-
enylyl cyclase chimera progressively decreased with
increasing side-chain size, from A291G to A291I (Fig-
ure 5B). The single exception was A291C, which was twice
as active as expected and almost as active as the glycine
mutant. We therefore introduced this mutant also into the
Tar-AfHAMP chimera, yet in our chemotaxis assays, the
A291C mutant was as inactive as A291V (Figure 5C).
The possibility of a disulfide-bonded cyclase locked in
the on state seems unlikely, as reducing conditions did
not change the cyclase activity. NMR spectroscopy of
the cysteine mutant also did not support the presence of
a disulfide bond at that position. The reasons for this dis-
crepancy are thus unclear to us at present.
CONCLUSIONS
Several mechanisms have been proposed by which trans-
membrane receptors transmit signals into a cell, building
on the four basic types of motion possible relative to the
membrane. These mechanisms include piston-like dis-936 Cell 126, 929–940, September 8, 2006 ª2006 Elsevier Inc.placements and pivot movements (Scott and Stoddard,
1994), as well as composite motions (‘‘swinging-piston’’
model; Chervitz and Falke, 1996). Most recently, Engel-
hard and coworkers showed that the phototaxis receptor
NpSRII of Natronomonas pharaonis transduces signals by
a 15, clockwise rotation of the second transmembrane
helix along an axis perpendicular to the membrane and
a lateral displacement of this helix by 0.9 A˚ in the plane
of the membrane (Moukhametzianov et al., 2006). Regard-
less of the precise way by which a signal reaches the
HAMP domain, our results suggest that it relays it by rota-
tion of the helices. HAMP could thus act as a converter of
multiple motion types upstream into a defined rotation
downstream, based on a low-energy transition between
two packing modes. As such it would represent a binary
switch, absorbing transient conformational changes and
producing a rotational output as an all-or-none signal, if
a certain threshold is exceeded. It is worth noting that in
our model the HAMP domain reverses the direction of ro-
tation induced by the signal. Its excision from a receptor
should thus have profound effects on the output, including
a possible reversal of the signaling behavior.
A rotary mechanism can account for cis and trans sig-
naling by HAMP. Most receptors, including the two stud-
ied in this report, are likely to utilize cis signaling, passing
on the conformational change to downstream domains.
Some receptors, though, such as Af1503, which lacks fur-
ther cytoplasmic domains, may transmit signals to inter-
acting domains in trans, using changes in surface epi-
topes caused by the simultaneous rotation of all four
helices.
The structure we determined is unique in two respects:
first, it is the only known parallel form of this type of coiled
coil (all others, natural and engineered, are antiparallel),
and second, it is the only one whose core is asymmetric,
being formed by residues in positions a-d-e of the N-ter-
minal helices and a-d-g from the C-terminal ones. Both as-
pects are essential for the signal transduction mechanism
we propose, one allowing for a sequential signal propaga-
tion from the membrane to components downstream and
the other for the interconversion by rotation between two
core packing geometries.
EXPERIMENTAL PROCEDURES
Bioinformatics
The sequence of the HAMP domain from Af1503 (T276–K338) was used
to search nr70, a database that corresponds to the nonredundant (nr)
protein sequence database at NCBI (www.ncbi.nlm.nih.gov) contain-
ing only sequences with less than 70% pairwise sequence identity, us-
ing two rounds of PSI-Blast (Altschul et al., 1997). The 250 top-scoring
sequences, corresponding to a cutoff E value of about e-3, were ex-
tracted, and their HAMP domains were realigned using Clustal (Thomp-
son et al., 1997). This multiple alignment was used to calculate the av-
erage hydrophobicity (according to Kyte and Doolittle [1982]) and the
average side-chain size. Sequences for Figure 1 were chosen from
the different branches of the Clustal alignment guiding tree at random,
so that each branch would be represented by at least one sequence.
Coiled-Coil Nomenclature
Most coiled coils are built on seven-residue (heptad) repeats, and each
position is denoted by a letter from a to g, where a and d are the hydro-
phobic positions involved in forming the core. In cases where the
coiled coil deviates from heptad periodicity, these positions become
distorted in their location relative to the supercoil axis. The most com-
mon deviation is a stutter, which corresponds to the deletion of three
residues or the insertion of four (an equivalent operation in a seven-res-
idue reference frame). When the deletion occurs close to position a, the
positions become defgxefgabc, where x points straight into the core.
When the deletion happens close to position d, the positions become
abcdabcdefg, where the two residues in the da layer point sideways,
enclosing a central cavity. Some coiled coils deviate globally from
the heptad repeat, being built on repeats of 11 residues (hendecads)
or 15 residues (pentadecads). These are labeled a–k and a–o, respec-
tively, but can also be labeled in a heptad frame as abcdabcdefg and
abcdabcdefgxefg, based on the geometry of their core residues. x and
da layers can also be brought about by rotating a coiled-coil helix glob-
ally by 26, as seen in the structure of Lac repressor. If the rotation is
clockwise, positions d form the x layers and positions g and a the da
layers (Figure 4). If the rotation is counterclockwise, positions a form
the x layers and d and e the da layers. The resulting x-da core has
the same geometry in both cases, but, to distinguish between the
two possibilities, we denote the first an a-d-g core and the second
an a-d-e core.
Protein Preparation
Af1503 HAMP (S278-E331) was expressed as a C-terminal fusion pro-
tein with glutathione S-transferase (GST). The expression construct
was made by PCR amplification (Phusion DNA-polymerase, Finn-Czymes) of the appropriate region of Archaeoglobus fulgidus DSM
4304 genomic DNA (LGC Promochem) and cloning of the fragment
into BamHI and XhoI restriction sites of plasmid pGEX4T-1 (GE Health-
care). The accuracy of the construct was confirmed by nucleotide
sequencing. All mutations of A291 were introduced into the HAMP
sequence by overlap extension PCR with mutagenic primers. The
following steps for expression and purification were identical for the
wild-type, A291C, and A291V HAMP domains. For expression, Bl21
(DE3) Gold cells were transformed with the expression vector. Cells
were grown at 37C, induced with 1mM IPTG when OD600 reached
0.6, and harvested after 4 hr of induction. After resuspension in PBS,
cells were lysed by French press. According to manufacturer’s instruc-
tions, the soluble fraction of the lysate was loaded onto a GSH FF col-
umn (5 ml, GE Healthcare) and subsequently treated with thrombin
(Calbiochem) to cleave off GST. The sample was loaded onto a Super-
dex G-75 26/60 gel-size exclusion chromatography column (GE
Healthcare) and eluted with PBS. Af1503 HAMP protein was concen-
trated up to 6 mg/ml with Vivaspin concentrators (Vivascience) and
used for NMR analysis. For 15N- and 15N/13C-labeled samples, cells
were grown in M9 minimal medium with 15NH4Cl and
13C uniformly la-
beled glucose (Eurisotop) as the sole nitrogen and carbon source,
respectively. A mixed unlabeled and 15N/13C-labeled sample was pre-
pared by purifying each sample separately, mixing them in equal
amounts, adding guanidinium chloride to 6 M and refolding the mixture
by multiple dialysis steps against PBS buffer.
Rv3645HAMP-CHD (Rv3645278-549) containing the mycobacterial
HAMP and CHD domain (cyclase homology domain) was generated
as described previously (Linder et al., 2004). Chimeras between
Af1503 and the mycobacterial adenylyl cyclase Rv3645 were gener-
ated by using a silent BglII site at nucleotide 996 of Rv3645HAMP-
CHD. The mycobacterial HAMP domain was thus replaced by the
wild-type or the mutant Af1503 HAMP domains yielding the expression
constructs AfHAMP-CHD (Af1503278-331Rv3645331-549) and constructs
with A291 of Af1503 mutated to glycine, cysteine, valine, leucine, or
isoleucine. All these constructs contained an additional 50-sequence
coding for MRGSH6-GSHM, which was used for affinity purification.
Plasmids were transformed into E. coli BL21(DE3)[pRep4]. Expression
was induced by 1 mM IPTG for 4–6 hr at 30C. Bacteria were washed
with buffer (50 mM Tris-HCl, 1 mM EDTA, pH 8), frozen in liquid nitro-
gen, and stored at 80C. For purification, cells from 400 ml culture
were suspended in 20 ml of lysis buffer (50 mM Tris-HCl, 2 mM 3-thi-
oglycerol, pH 8) and lysed with a French press. After centrifugation
(31,000 3 g, 45 min), 15 mM imidazole, pH 8, and 250 mM NaCl (final
concentrations) were added to the supernatant and equilibrated for 2
hr with 250 ml Ni2+-nitrilotriacetic acid-agarose slurry on ice, then trans-
ferred to a column and successively washed with 10 ml of buffer A
(lysis buffer containing 15 mM imidazole, 250 mM NaCl, and 5 mM
MgCl2) and 5 ml of buffer B (lysis buffer containing 15 mM imidazole
and 5 mM MgCl2). The bound protein was eluted with 0.6 ml of buffer
C (37.5 mM Tris-HCl, pH 8, 250 mM imidazole, 2 mM MgCl2, 1.5 mM
3-thioglycerol). Purified proteins were stored at 20C in buffer C after
addition 40% of glycerol to the eluate.
NMR Structure Determination
All spectra were recorded at 298 K on Bruker DMX600 and DMX900
spectrometers fitted with conventional and cryogenic probeheads, re-
spectively. Backbone assignments were completed using a combina-
tion of 3D-15N-HSQC-NOESY and 3D-NNH-NOESY spectra to trace
the strong sequential connectivities between amide protons in helical
segments and confirmed with an HNCA experiment. Backbone 13C as-
signments were then completed using CBCA(CO)NH and HNCO ex-
periments. Side-chain assignment was carried out using a combination
of 3D-CC(CO)NH-TOCSY and 3D-CCH-COSY spectra acquired on
the mixed labeled sample. The stereospecific assignments of prochiral
HCb methylene and valine methyl groups and the resulting rotamer as-
signments were made using 3JNHb couplings observed in an HNHB
spectrum and patterns of NOESY connectivities.ell 126, 929–940, September 8, 2006 ª2006 Elsevier Inc. 937
Distance data were derived from a 3D-15N-HSQC-NOESY and a 3D-
NNH-NOESY on the 15N-labeled sample, and a 3D-13C-HSQC-NOESY
and the heteronulear-edited 3D-CCH- and 3D-CNH-NOESY spectra
(Diercks et al., 1999) were derived on the mixed sample. Here the
heteronuclear-edited experiments have the advantage that intermolec-
ular contacts are heavily suppressed, allowing confident calculation
of the monomer structure. A 2D-NOESY spectrum was also recorded
on an unlabeled sample. Intermolecular NOESY contacts were
identified using a 14N,12C-filtered/13C-edited 2D-NOESY spectrum on
the mixed sample. Residual diagonal signals in this spectrum were
effectively suppressed by subtraction of an identical spectrum
run with minimal NOESY mixing time. Where possible, contacts
identified in the filtered/edited experiments were quantified in other
spectra.
NOESY crosspeaks in the three-dimensional spectra were con-
verted into distance ranges after rescaling according to corresponding
HSQC intensities. Crosspeaks were divided into the following four
classes: strong, medium, weak, and very weak, which resulted in re-
straints on upper distances of 2.7, 3.2, 4.0, and 5.0 A˚, respectively.
Lower distance restraints were also included for very weak or absent
sequential HN-HN crosspeaks using a minimum distance of 3.2 A˚
and medium intensity or weaker sequential and intraresidue HN-Ha
crosspeaks using a minimum distance of 2.7 A˚. Allowances for the
use of pseudoatoms (using r-6 averaging) were added for methyl
groups and nonstereospecifically-assigned methylene groups. Dihe-
dral angle restraints were derived for backbone f and c angles based
on Ca, Cb, C0, and Ha chemical shifts using the program TALOS (Cor-
nilescu et al., 1999). Restraints were applied for predictions consistent
with the input chemical shifts, 3JHNHa coupling constants measured
from an HNHA experiment, and 3JN(i)Ha(i-1) coupling constants esti-
mated from the HNHB experiment (Wang and Bax, 1995). Accepted
predictions were applied using the tolerance calculated by the pro-
gram ±5. The 3JHNHa couplings were also applied as direct coupling
constant restraints on the backbone f angles of two glycine and 41
nonglycine residues. Hydrogen bond restraints were applied for 29
residues in secondary structure with low water exchange rates, as
measured in MEXICO experiments (Gemmecker et al., 1993; Koide
et al., 1995) with five mixing times (50, 100, 150, 200, and 250 ms),
and where donor-acceptor pairs were consistently identified in prelim-
inary calculations. The restraints were applied via inclusion of pseudo-
covalent bonds as described by Truffault et al. (2001). Backbone flex-
ibility on fast (pico to microsecond) timescales was assessed from
15N{1H}-heteronuclear NOE values measured using a saturation time
of 3 s (Farrow et al., 1994).
Structures were calculated with XPLOR (Schwieters et al., 2003)
(NIH version 2.9.3) using standard protocols. Experimental restraints
were applied only to one monomer, with noncrystallographic symme-
try restraints over the backbone of ordered residues (S278–V328) used
to ensure the symmetry of the dimer. Sets of 50 structures were calcu-
lated and a final set of 21 chosen on the basis of lowest restraint vio-
lations. An average structure was calculated and regularized to give
a structure representative of the ensemble.
Temperature and relaxation experiments were performed in parallel
for the mutant and the wild-type at both 600 and 900 MHz. The effect of
temperature on 15N-HSQC spectra was measured by cooling the sam-
ples in 5 steps from 318–283 K. T2 measurements were made at
298 K.
Bacterial Strains and Plasmids for Chemotaxis
E. coli CP362 (D[tsr]-7028D[tar-tap] 5201D[trg]-100 his leu rpsL ara lac
thi tonA tsx xyl zbd:Tn5) and plasmid pNT201 containing E. coli tar ex-
pressed from a tac promoter were kindly provided by Gerald Hazelba-
uer (University of Missouri).
Cloning of Tar Constructs
PCR fragments of the tar gene, coding for tar1-215, and tar262-630, were
linked to a PCR fragment of af1503 coding either for wild-type, A291C,938 Cell 126, 929–940, September 8, 2006 ª2006 Elsevier Incor A291V Af1503280-326 by overlap extension PCR. The PCR products
were digested with XbaI/KpnI and ligated into pNT201. This yielded
three expression constructs under the control of the tac promoter,
namely Tar-AfHAMP (coding for Tar1-215Af1503[wt]280-326Tar262-630),
Tar-AfHAMPA291C (coding for Tar1-215Af1503[A291C]280-326Tar262-630),
and Tar-AfHAMPA291V (coding for Tar1-215Af1503[A291V]280-326
Tar262-630).
Chemotaxis and Swimming Assays
Medium used for swarm plates contained 0.3% agar, 10 g/l tryptone
and 5 g/l NaCl and, where necessary, 100 mg/ml ampicillin and 20
mM IPTG. On the center of each plate, 5 ml of a liquid LB culture of var-
ious CP362 strains in midlog phase were placed to start the assay. All
plates were incubated at 30C for 24 hr, and a digital image of each
plate was recorded after defined time intervals from which the radial
swarm velocities were calculated. To determine the swimming pheno-
types and tumbling frequencies, overnight LB cultures of CP362
strains were diluted 50-fold, and the expression of the different tar re-
ceptor constructs was induced with 0.1 mM IPTG after 1.5 hr. Incuba-
tion temperature was 30C and cells were grown for 3 hr more after in-
duction. To bring the cells in midlog phase, they were diluted 10-fold in
LB (containing 0.1 mM IPTG) 1 hr prior to use. For microscopic inspec-
tion, cells were diluted 5-fold in PBS and observed with a 403magni-
fication phase contrast objective. Their fundamental ability to react to
attractants and repellents was ascertained using stepwise stimuli of 10
mM aspartate or 1 mM NiSO4, respectively.
Adenylyl Cyclase Assay
Enzyme activity was tested for 10 min at 37C in 100 ml containing 22%
glycerol, 50 mM Tris/HCl, pH 8, 3 mM MnCl2, and various concentra-
tions of [a-32P] ATP (25 kBq) and 2 mM [2,8-3H] cAMP (150 Bq) to mon-
itor yield during product isolation. Conditions were adjusted to limit
substrate conversion to <10% (Linder et al., 2004). Values are given
as means ± SEM (nR 4).
Modeling
The model of the HAMP structure in its rotated conformation (knobs-
into-holes packing) was built by determining the helical axes of a1
and a2 and rotating all atomic coordinates of these helices by 180/7
around the axes.
Supplemental Data
Supplemental Data include eight figures and can be found with this
article online at http://www.cell.com/cgi/content/full/126/5/929/DC1/.
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